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During the 2001-2002 award period, we performed research on Pt/Ti/bare 6H-SiC and bare 4H-

SiC interfaces in order to identify their electronic properties as a function of surface preparation.

The overall aim of this work is to optimize the electronic properties of metal contacts to SiC as

well as the active SiC material itself as a function of surface preparation and subsequent

processing. Initially, this work has involved identifying bare surface, subsurface, and metal-

induced gap states at the metal-SiC contact and correlating energies and densities of deep levels

with Schottky barrier heights. We used low energy electron-excited nanoluminescence (LEEN)

spectroscopy, X-ray photoemission spectroscopy (XPS), and Secondary Ion Mass Spectrometry

(SIMS) in order to correlate electronic states and energy bands with chemical composition,

bonding, and crystal structure. A major development has been the discovery of polytype

transformations that occur in 4H-SiC under standard microelectronic process conditions used to

fabricate SiC devices. Our results are consistent with the stacking fault generation, defect

formation, and consequent degradation of SiC recently reported for state-of-the-art ABB

commercial diodes under localized electrical stress. Our results highlight the importance of

-optimizing process conditions and material properties - anneal times, temperatures and doping to

control such structural changes within epitaxial SiC layers. Thus far, we have established

threshold times and temperatures beyond which 4H-SiC exhibits 3C-SiC transformation bands

for a subset of dopant concentrations and process conditions. On the basis of this temperature-

, •_time behavior, we have been able to establish an activation energy of ~2.5 eV for polytype
transformation and dislocation motion. Work continues to establish the fundamental

mechanisms underlying the polytype changes and its dependence on material parameters.

LEEN measurements taken over a range of incident electron beam energies provide a means to

identify the presence of localized states and their spatial distribution on a nanometer scale. With

increasing incident electron beam energies E_, the electron cascade and resultant generation of

free electron-hole pairs occur at increasing depths, ranging from 15 nm at 1 keV to 180 nm at 4

keV for the nucleon values and material densities involved here. Excitation rates peak at one-

third of these depths. These electron-hole pairs excite band-to-band and band-to-defect

transitions that we detect optically, even through the thin metal contact layer of the metal-SiC

junction. Thus it is possible to excite luminescence selectively, either at the intimate metal-SiC



interface, thenear-interfaceregionextendingtensof nanometersinto the SiC,or thebulk SiCup
to 0.2 micronswithin thesolid.

Ohio State University graduatestudentsSergeyTumakhawith assistancefrom Gregg Jessen
performedLEEN spectroscopyon a set of Pt/Ti/SiC junctions providedby Dr. Robert Okojie at
NASA Glenn. They used a high efficiency monochomator,charge coupled device (CCD)
detector,and fiber optic cablephotoncollector developedwith previousNASA support. Using
this equipmentin anOhio Stateultrahighvacuum(UHV) chamber,theywereableto acquiresets
of depth-dependentLEEN spectrafor over 70 specimens.This wide arrayof samplespermitted
us to identify systematicdependenceson initial polytype,temperature,annealtime, processstep,
anddoping.

We usedLEEN spectroscopyandXPS to probe deeplevel defectstatesat interfacesof 4H and
6H-SiC with Ti/Pt metallization. Thesestudiesaim to identify processconditionsunderwhich
thermally-stableohmic and Schottky contactscan be obtained on SiC while minimizing the
formation of deeplevel electronicstates. Depth-dependentLEEN measurementsestablishthe
presenceof localizedstatesandtheir spatialdistribution ona nanometerscale.Spectrafrom the
nearinterfaceregionof 6H-SiCindicate the existenceof a SiCpolytypewith a higherbandgap
of- 3.4 eV. Excitation of the intimate metal-SiCinterfacerevealsa process-dependentdiscrete
statedeepwithin theSiC bandgap. XPS measurementsrevealconsistentdifferencesin theC ls
chemicalbondingchangeswith specificprocesssteps.Analogouschemicaltreatmentsof 4H-SiC
also producea lower bandgapSiCpolytype with - 2.5 eV energyextendingtensof nanometers
beyondthe interface- confirmedby transmissionelectronmicroscopy(TEM). This work is the
first to show the effectof metal-semiconductorinteractionsnot only on localizedstatesbut also
on the latticestructureof thesemiconductornearthe interface.

Figure l(a) illustrates the depth-dependentoptical emission spectra from 6H-SiC after an
acetone/methanolclean,a 4-houroxidation at 1150°C, followed by adeionized(DI) waterrinse
andPt/Ti metallization.In additionto the expectedemissionat2.9 eV correspondingto bulk 6H-
SiC, this panel showsan additional shoulderat 3.3 eV correspondingto a new polytype for
excitationenergiesnearthe SiC-metalinterface. Suchchangesareconsistentwith NASA-Glenn
transmissionelectronmicroscopy(TEM) imagesin crosssectionthat show alteredatomic layer
stackingover the transitionregionextendinglessthan50nm betweenthe SiCand themetal. A

-broad continuum of states is also evident at near-interface excitation energies. A subsequent

Pirhana etch produces the depth-dependent features shown in Fig. l(b). In addition to the

features evident in fig. 1(a), the Pirhana etch induces new emission at 1.9 eV at the intimate 6H-

SiC interface. Such emission corresponds to a near-mid-gap localized state. Comparison of figs.

-_ ,_1 (a) and (b) illustrates that surface treatments prior to metallization can induce pronounced

electronic changes at the metal-6H-SiC interface.

Fgure 2(a) illustrates the depth-dependent optical emission spectra from 4H-SiC cleaned with

acetone/methanol, then metallized with Pt/Ti. In addition to the expected emission at 3.2 eV

corresponding to bulk 4H-SiC, this panel shows an additional shoulder just above 3.2 eV,

corresponding to a new polytype for excitation energies near the SiC-metal interface. As with

the 6H result in fig.l, a broad continuum of states is also evident at near-interface excitation

energies corresponding to disorder-induced interface states. The analogous interface involving

4H-SiC cleaned with acetone/methanol, then oxidized at 1150 °C, DI rinsed, then finally

metallized with Pt/Ti appears in fig. 2(b). This panel illustrates a dramatic change with

oxidation, namely, the appearance of a pronounced new emission peak at 2.5 eV. This emission
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dominatesthe weak 4H-SiC bulk emissionfor all excitationdepthsextendingbeyond50 rim. It
indicatesthe formation of a new polytypewith a smallerbandgap.We believe this emissionis
due to formation of 3C-SiC with quantumscaledimensionin a direction perpendicularto the
basalplane. Sucha transformationis evident from high resolutionTEM imagestaken in cross
sectionfor this sampleby Ming ZhangandPirouzPirouzat CaseWesternReserveUniversity.

We then focused on the natureof the 4H-SiC polytype transformation. Figure 3 illustrates
temperature-dependentLEEN spectra for a 4H-SiC sample cleaned with acetone/methanol,
oxidized at different temperatures,D! rinsed, then finally metallized with Pt/Ti. The spectra
show the bulk 4H-SiC clearly for all the low temperaturespectra.At I000°C, the 2.5 eV peak
indicative of thetransformationappearsafter a2.5 hour anneal.Thereareno further increasesin
this peak relative to the bulk 4H-SiC at higher temperatures,indicating that 1000°C is a
threshold for polytype transformation. Interestingly, above 1200°C, this feature actually
decreasesasother excitationsbecomemorepronounced,including thebulk 4H-SiC peakat 3.2
eV. This result showsthatthe3C-SiCformation is limited in nature,diminishing with additional
processing.

Figure 4 illustrates time-dependentLEEN spectra for a 4H-SiC specimen cleaned with
actetone/methanol,oxidized at 1150°Cfor different times,thenDI rinsed,and Pt/Ti metallized.
As shown,the bulk 4H-SiCpeakdecreaseswith increasingannealtime while the 2.5 eV 3C-SiC
featuregrows. This figure showsthat the 3C-SiC featurebegins to emergeafter I hour and
becomesdominant after 1.5 hours. No further changesare evidentat longer oxidation times.
This result implies that the 3C-SiC formation is limited. No further increaseoccurs after
extendedannealingtimes,consistentwith a strainreleasemechanism.

Perhapsmost dramaticof all, Figure 5 demonstratesthat the transformationprocessoccurseven
with oxidation. The figure showsLEEN spectrafor a 4H-SiC sampleafter acetone/methanol
clean, after subsequentPirhanaclean, and finally after 1150°C annealin argon. Clearly the
surfacecleaningmethodsdonot appearto inducethetransformation. Only after argonannealing
doesthis featureappear. Theseresultsdemonstratethat 4H-SiC can transformthe 3C-SiCwith
annealingalone,i.e.,without anoxidationprocess.

Finally, Figure 6 showsthe optical emissionspectraafter acetone/methanolcleaning,oxidation
.at 1150°C, DI rinse,andPt/Ti metallizationfor 4H-SiC specimensasa function of epilayerbulk
doping. Then=1.7x1019cm-3spectrumdisplaysthe2.5 eV 3C-SiC feature,similar to thespectra
in fig. 2('o). The otherspectrashowthat high dopingproducesnew featuresat 2.0, 2.2, and2.7
eV. The 2.5 eV featureis in fact dominantonly-for then=l.7xl0 _9cm"3doping concentration.

-o,-,Besidesthe bulk 3.2 eV 4H-SiC peak and the 2.5 eV feature,the other featurescorrespondto
defectswithin the volumeprobed. The strongdependenceondoping indicatesthat dopantsplay
a role in changingthe strainwithin the semiconductor.This is consistentwith X-ray diffraction
measurementsof Dr. RobertOkojie showingincreasingstrainwith dopingdueto the atomicsize
differencebetweenN andC in theSiC lattice.

More detaileddescriptionsof theexperimentalresultsare to be found in interim reportsalready
submittedto Dr. Okojie throughoutFY 2001. Additional resultscanbeprovideduponrequest.
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Figure 1. Depth-resolved 6H-SiC LEEN spectra before and after P-cleaning.
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Figure 2. Depth-resolved 4H-SiC LEEN spectra before and after oxidation.
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Figure 3. Depth-dependent LEEN spectra of 4H-SiC as a function of oxidation temperature.
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Figure 5. 4H-SiC LEEN spectra as a function of surface cleaning and annealing.
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Figure 6. 4H-SiC LEEN spectra as a function of doping.
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